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We report the study of phage AF, the ﬁrst member of the canonical lambdoid phage group infecting
Pseudomonas putida. Its 42.6 kb genome is related to the ‘‘epsilon15-like viruses’’ and the ‘‘BPP-1-like
viruses’’, a clade of bacteriophages shaped by extensive horizontal gene transfer. The AF virions display
exopolysaccharide (EPS)-degrading activity, which originates from the action of the C-terminal domain
of the tail spike (Gp19). This protein shows high similarity to the tail spike of the T7-like P. putida-
infecting phage j15. These unrelated phages have an identical host spectrum and EPS degradation
characteristics, designating the C-terminal part of Gp19 as sole determinant for these functions. While
intact AF particles have bioﬁlm-degrading properties, Gp19 and non-infectious AF particles do not,
emphasizing the role of phage ampliﬁcation in bioﬁlm degradation.
& 2012 Elsevier Inc. All rights reserved.P. putida is a metabolic versatile soil bacterium which is
applied in bioremediation of contaminated soils, biocatalysis of
speciﬁc chemicals, biopesticides and as plant growth promoting
agents (Dejonghe et al., 2001; Lehrbach et al., 1984; Timmis et al.,
1994). Human infections caused by P. putida have been reported
in immunocompromised patients (Bouall egue et al., 2004;
Ladhani and Bhutta, 1998) and patients with invasive medical
devices (Martino et al., 1996). The ability to form a bioﬁlm, a
protective cell-enclosed environment, is a key feature in the
pathogenicity of P. putida (von Eiff et al., 2005).
In the search for novel anti-bioﬁlm agents, there is a rising
interest in the bioﬁlm-degrading properties of phages. Adams and
Park already reported in 1956 the phages which display this
enzymatic tail-associated activity to enable them to reach the
bacterial cell surface receptors (Adams and Park, 1956). For a long
time, research on these phage enzymes was focused on the
capsulated neuroinvasive Escherichia coli K1 strains (Bull et al.,
2010; Scholl et al., 2005). Very recently, novel phages infecting
E. coli and Acinetobacter baumannii strains were isolated and
shown to degrade bacterial bioﬁlms (Chibeu et al., 2012; Yele
et al., 2012). Likewise, the isolation and preliminary characteriza-
tion of bioﬁlm-degrading phages targeting Pseudomonas species
was reported (Glonti et al., 2010; Shaburova et al., 2009).
Among these, the T7-related phage j15 was found to containll rights reserved.
Lavigne).EPS-degrading tail spike proteins (Cornelissen et al., 2011;
Shaburova et al., 2009). Here, we describe the genomic and
microbiological characterization of P. putida phage AF originally
isolated from a soil sample in Chicago (Illinois, USA) in 1977 by
Shaburova et al. (2009).Phage characteristics and halo formation
Based on structural characteristics, AF can be classiﬁed within
the Podoviridae family of short-tailed phages consisting of iso-
metric heads and short noncontractile tails with tail spikes lying
at each side (59.9 nm head; 128 nm tails) (Supplementary
Fig. 1A). Phage AF is stable in a relatively broad pH range with
more than 66.0% infective phage particles after 24 h incubation at
pH 5–11 and about 11.5% at the extreme boundaries of pH 4 and
12 (Supplementary Fig. 1B).Within the ﬁrst minute of infection,
97.3% of administered AF virions adsorbed irreversibly to P. putida
host PpG1 (ka¼2.34E7) (Supplementary Fig. 1C). PpG1 infected
host cells are lysed 50 min post infection, releasing on average 53
new phage particles (Supplementary Fig. 1D).
Host range analysis (Gill et al., 2003) on a set of 53 P. putida
strains (described in Cornelissen et al. (2011)) identiﬁed three
P. putida strains – PpG1, PpN and PpN3 – on which AF forms small
clear plaques, while small turbid plaques are formed on four rice
rhizosphere strains (RD6PR1, RD5PR2, RD8PR2 and RD8PR3).
Independent of the type of plaques formed, AF zones of infection
Fig. 1. Plaques of P. putida phage AF on the host PpG1. With increasing incubation at 30 1C, the diameter of the halo zone, surrounding the plaque with constant diameter,
increases every 24 h. Scale bar represents 1 cm.
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increases in diameter upon overnight incubation at 30 1C (Fig. 1).
Interestingly, these seven AF-susceptible strains match perfectly
with the host range of the T7-related phage j15 (Cornelissen
et al., 2011). To investigate these halo zones, 108 pfu of phage AF
was dropped on a bacterial lawn of PpG1. In contrast to the
central zone of infection, which retained its diameter, the halo
zone expanded up to 3 mm in diameter every 24 h. On equally
large surface areas, only about a twenty fold less phage was
identiﬁed in the halo zone (1.6571.46Eþ6 pfu/cm2) compared to
the lysis zone (3.3772.30Eþ7 pfu/cm2), while no phages were
observed outside the halo zone. Conversely, no viable bacterial
cells were observed within the lysis zone (except for the few
resistant colonies), while the halo zone (5.1072.25Eþ7 CFU/cm2)
and the outside bacterial zone (4.5872.32Eþ7 CFU/cm2) contain
almost equal bacterial counts. So, both infective phage particles
and viable bacterial cells are present in the halo zone of phage AF.
This is consistent with the observations for P. putida phage j15
(Cornelissen et al., 2011) and suggest an inability or decreased
ability of phage AF to replicate on bacterial cells in the stationary
phase of growth. The halo zone hints at the presence of a virion-
associated tail spike which degrades the bacterial EPS layer. Phage
diffusion out of the lysis zone over time further explains the
increasing diameter of the halo zone.Genome and proteome analysis of phage AF
The AF genome (GenBank accession number JX676771) encom-
passes 42,689 bp encoding 65 gene products, and is tightly organized
with a predicted 3.5% noncoding sequence and 35 overlapping ORFs
(Fig. 2, Supplementary Table 1). The overall GC-content of 58.44% is
only slightly lower than that of P. putida genomes (61% GþC).
However, six early genes display an atypical low GþC average
(r51%) (Supplementary Table 1). These genes were probably
acquired recently through horizontal gene transfer from an AþT rich
organism and do not display any sequence similarity, except for the
HNH endonuclease Gp36 which is similar to Lactobacillus phage gene
products. No tRNA genes were predicted.
The genome is organized into two major clusters (left and right
arms) that differ according to the direction of transcription. The
early/middle region consists of a rightward expression unit of
seventeen ORFs predominately involved in DNA replication, while
the leftward recombination expression unit consists of 23 ORFs.
Apart from limited similarity to the P. putida GB-1 prophage
(4 gene products), these genes are similar to genes of (pro)phages
infecting all three families of the Caudovirales. In this region, AF
encodes protein (domains) typical for members of the lambdoid
phage group. These include the restriction alleviation protein Lar
(Gp28), two proteins involved in recombination (ERF family
protein (Gp39) and NinB (Gp37)), domains of the replicationprotein O and the CI repressor homologous to the N-terminal
parts of Gp49 and Gp51 (Fig. 2; Supplementary Table 1).
The late region involved in virion morphogenesis and host cell
lysis is encoded by the rightward unit of expression, comprising
25 putative genes (gene 1 to 25). It displays high similarity to the
‘‘epsilon15-like viruses’’ (the Salmonella enterica serovar Anatum-
speciﬁc phage e15 (Kropinski et al., 2007) and the E. coli O157:H7-
speciﬁc phage jV10 (Perry et al., 2009)), the ‘‘BPP-1-like viruses’’
(the Burkholderia cepacia-speciﬁc phage BcepC6B and the Borde-
tella bronchiseptica-speciﬁc BPP-1 related phages (Liu et al., 2004))
and the putative P. putida GB-1 prophage. Arrangement of these
homologous genes is identical, but subjected to deletions, inser-
tions and replacements (Supplementary Table 1). Using ESI-MS/MS
analysis of CsCl puriﬁed phage particles (Ceyssens et al., 2008), 21 AF
gene products were identiﬁed as being part of the structural particle
(diamonds, Fig. 2). Twelve of these represent predicted structural
gene products. Interestingly, nine proteins encoded by genes dis-
persed throughout the early and middle regions of the AF genome
were picked up by MS analysis. As we used a phage preparation
which was puriﬁed by CsCl puriﬁcation, the possibility that these
proteins are impurities is small. However, the role of these proteins
and the reason of incorporation into the phage particle is unknown.The AF tail spike protein displays EPS-degrading activity
Gene 19 encodes the tail spike protein of phage AF. This tail
spike contains an N-terminal domain which is widely conserved
within the tail spike homologs of all members of the ‘‘epsilon15-
like viruses’’ and the ‘‘BPP-1-like viruses’’ (Supplementary
Table 1) and the ‘‘T7-like viruses’’ (Pfam; AA 1–170; phage
T7_tail; PF03906; 7.6E23). It serves to connect the C-terminal
catalytic module interacting with the host cell receptor and the
phage tail (Garcia-Doval and van Raaij, 2012; Steven et al., 1988).
Moreover, similarity to the T7 N-terminus extends further into
the C-terminal domain of the tail spike protein Gp17 of the T7-
like phage j15 resulting in an overall protein similarity (BLASTP;
E-value 0.0; 48% identity) (Supplementary Fig. 2). While the
C-terminal moiety of both ‘‘epsilon15-like viruses’’ shows endor-
hamnosidase activity degrading the O-antigen of the bacterial
outer membrane (Kanegasaki and Wright, 1973; Takeda and
Uetake, 1973), the C-terminal domain of j15-Gp17 is probably
involved in EPS degradation (Cornelissen et al., 2011). Based on
this observation it is reasonable to assume that the tail spike
protein of phage AF also performs this EPS-degrading activity.
To analyze the catalytic activity of AF-Gp19, we cloned the
C-terminal gene segment (gp19ND137) (50-ATGGATTACTTCGA-
CGCTCTC-30 and 50-CTACCCGAGAAGATCAACCA-30; Eurogentec,
Seraing, Belgium) into the pEXP5-NT/TOPOs vector (Invitrogen
Corporation), with a 6His-tag to facilitate protein puriﬁcation.
Expression occurred at 16 1C overnight in E. coli BL21(DE3)pLysS
Fig. 2. Genomic map of P. putida phage AF. According to the ‘‘epsilon15-like viruses’’, the AF genome was arbitrarily opened adjacent to the putative terminator sequence
(GCCCTCTTCGGAGGGCTTTTT), located upstream of the gene encoding for the putative terminase small subunit (referred to as gene 1). Numbering of the other genes
occurred sequentially in clockwise direction starting from gene 1. The genomic map consists of a rightward unit of expression with seventeen and 25 ORFs of the early/
middle (purple) and late region (blue), respectively. The leftward expression unit consists of 23 ORFs expressed in the early/middle phase of gene expression (green).
Structural proteins experimentally conﬁrmed with ESI-MS/MS (threshold of minimum of two independent peptides and 5% sequence coverage) are marked with diamond
(~). Promoters are depicted by single arrowheads indicating the orientation of transcription. White spheres above the map indicate r-independent terminators.
Sequencing and in silico analyses of the AF genome were performed according to Cornelissen et al. (2011). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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growing cells with 0.5 mM isopropyl-b-D-thiogalactopyranoside
(OD600 nm¼0.6) in 2 TY medium. Protein puriﬁcation was
essentially performed as described previously (Briers et al.,
2006) with the wash and elution buffers composed of 20 mM
NaH2PO4 pH 8.5, 0.5 M NaCl, 10% glycerol supplemented with
75 mM and 0.5 M imidazole and yielded 1.4–2.5 mg per liter
expression culture (Fig. 3A). Protein purity was at least 95% as
estimated by SDS-PAGE. Puriﬁed protein was dialyzed overnight
against a volume of PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM
NaHPO4, 2 mM KH2PO4 pH 7.4) that was 1000 the volume of
the protein sample using Slide-A-Lyzers MINI Dialysis units
(Pierce Biotechnology, Rockford, IL, USA).
Gp19ND137 forms a SDS-resistant homotrimer (193.2 kDa),
which is observed when unheated samples were loaded on a 9%
(w/v) SDS-PAGE gel, at room temperature. In contrast, a band of
about 65 kDa (corresponding to the monomer mass) was
observed when the sample was heated for 5 min at 95 1C before
loading (Fig. 3A). This mobility change in the absence or presence
of heating prior to SDS gel electrophoresis is also observed for
other tail spike proteins interacting with lipopolysaccharides
(Freiberg et al., 2003; Walter et al., 2008) or EPS (Mu¨hlenhoff
et al., 2003; Stummeyer et al., 2006). These and many others are
shown to undergo true trimerization in solution (Freiberg et al.,
2003; Garcia-Doval and van Raaij, 2012; Hallenbeck et al., 1987;
Miller et al., 1998; Mu¨hlenhoff et al., 2003; Stummeyer et al.,
2006; Walter et al., 2008). This experiment clearly shows that theN-terminal domain is not obligatory for the trimerization process
as observed on the SDS-PAGE gel.
The presence of the EPS-degrading activity within the tail
spike protein of phage AF was conﬁrmed by dropping 10 ml of
0.1 mg/ml Gp19ND137 in PBS-buffer on a bacterial lawn of PpG1
(Fig. 3A). After overnight incubation at 30 1C, Gp19 formed an
identical opaque-looking zone as the halo zone identiﬁed around
the lytic zone of phage infection. Microscopic comparison of
bacterial cells found in and outside these halo zones was per-
formed by capsule staining (Fig. 3B). These recordings show that
cells outside the halo zone are encapsulated by EPS material
which further seems to hold the bacterial cells together in cell
clusters. However, cells in the halo zone are separated from each
other and their EPS material is almost completely removed or
degraded due to the EPS-degrading activity of the tail spike
protein.Bioﬁlm degradation requires phage ampliﬁcation
To assess the bioﬁlm-degradative properties of AF virions and
the EPS-degrading tail spike protein, single-species PpG1 bioﬁlms
were grown for 24 h (Cornelissen et al., 2011). After infection
with phage AF (102, 104 or 106 pfu/well), we observed time- and
dose-dependent bioﬁlm degradation (Fig. 3C). While initial inocu-
lation with 102 phages did not inﬂuence the bioﬁlm, addition
of 104 phages yielded signiﬁcant bioﬁlm degradation of 22.0%
Fig. 3. EPS-degrading activity of Gp19 and AF-mediated bioﬁlm degradation. (A) Formation of halo zones by the AF tail spike derivative, Gp19ND137. (left) SDS-PAGE gel of
puriﬁed protein samples (P) and corresponding reference ladder (kDa). (center) Trimerization characteristic of Gp19ND137. Protein bands corresponding to the
Gp19ND137 monomer (64.4 kDA, M) and homotrimer (193.2 kDa, T) were observed on a 9% (w/v) SDS-PAGE gel with and without heating (5 min, 95 1C) prior to
electrophoresis. RL: Precision plus protein reference ladder (kDa; Bio-rad, Hercules, CA, USA). (right) A 10 ml drop of 0.1 mg/ml of Gp19ND137 (below) on a bacterial lawn of
PpG1 creates after overnight incubation at 30 1C an opaque area identical to the halo zone formed around the zone of phage infection (drop of 10 ml of 108 pfu of phage AF,
above). Scale bar represent 1 cm. (B) Capsule staining (according to Cornelissen et al. (2011)). In contrast to the outside bacterial zone (left), bacterial cells in the halo zone
are lying separately and have lost their white capsule (right). (C) AF-mediated bioﬁlm degradation. PpG1 bioﬁlms grown on cones for 24 h were inoculated with 102, 104
and 106 pfu and subsequently incubated for 2, 4, 8 and 24 h at 30 1C. Mean bioﬁlm (BT: bioﬁlm treatment) and planktonic survival (PCT: planktonic culture treatment) for
n¼20 cones or corresponding microtiter plate wells were scored by an optical density measurement at 600 nm (OD) relative to untreated control samples (OD0) and
represented on the Y-axes. Five independent experiments were performed, each starting from a different overnight culture and each with four repeats for each parameter
combination giving rise to an overall twenty fold repetition. Signiﬁcant values (two-tailed t test; Po0.01) are marked by an asterisk (*). Error bars indicate SEM.
A. Cornelissen et al. / Virology 434 (2012) 251–256254after 24 h. For the highest phage dose of 106 pfu, up to 36.7%
bioﬁlm mass was degraded after 24 h. The planktonic culture
responded more rapidly and more pronounced to phage infection
than the bioﬁlm. For example, for 106 phages, a decrease of
25.0% was reached after 4 h at which time point no bioﬁlm
degradation was yet noted. Moreover, after 8 h, this amount ofphage was sufﬁcient for almost complete eradication of the
planktonic culture.
In the next step, the puriﬁed tail spike derivative Gp19ND137
was applied to 24 h old PpG1 bioﬁlms in a concentration range of
0.1–10 mM, and incubated at 30 1C for up to 24 h. However, no
bioﬁlm-degradative effect of the recombinant protein was
A. Cornelissen et al. / Virology 434 (2012) 251–256 255observed (data not shown). To measure the bioﬁlm-degrading
effect of the wild-type virion-associated enzyme, phage non-
infective AF particles were generated by UV-induced mutagen-
esis. These particles were still able to create opaque-looking halo
zones in which the EPS material surrounding the bacterial cells
had been partially or fully removed. However, inoculation of 24 h
pre-grown PpG1 bioﬁlms with 102, 104 or 106 non-infective
particles did not affect the pre-grown bioﬁlm up to 24 h incuba-
tion periods (data not shown).
In an attempt to isolate PpG1 strains resistant to AF infection
(according to Cornelissen et al. (2011)), but still susceptible for
halo formation, we observed that similar to phage j15
(Cornelissen et al., 2011), all isolated infection-resistant strains
also resisted halo-formation. This indicates again that modiﬁca-
tion or loss of the EPS of PpG1 is easily obtained, as mutational
inactivation of only one EPS-biosynthetic gene can be enough to
disrupt the original EPS structure. Furthermore, these double-
resistant strains also reﬂect the primary and essential role of EPS
in AF infection.
In this communication, we described the P. putida phage AF.
Based on its genomic organization, protein sequence homology
and the mosaic nature of its genome, AF can be considered as a
canonical lambdoid phage. We focused on its virion-associated
EPS-degrading properties, which could be attributed to the enzy-
matic activity of the tail spike protein Gp19. The high degree of
similarity between the EPS-degrading tail spike proteins of the
T7-related phage j15 (Cornelissen et al., 2011) and phage AF
reﬂects horizontal transfer of this gene within the group of the
P. putida-infecting phages. This horizontal exchange of tail spike/
ﬁber proteins has been reported before and occurs across phage
genera and even (sub)families, as exempliﬁed by the endosiali-
dase module present in P22-, SP6- and T7-related phages (Deszo
et al., 2005; Scholl and Merril, 2005; Scholl et al., 2004) and the
conserved acetyl esterase domain in several Salmonella-infecting
phages (Pickard et al., 2010).
We observed that the lambdoid phage AF and the T7-like
phage j15 share only the gene encoding the tail spike protein and
display an identical host spectrum. This suggests that their shared
tail spike is the only structural component of the viral particle
which determines host speciﬁcity. In addition, this indicates that
EPS serves as a primary receptor function for phage infection. This
consideration is further reinforced by the observation that strains
susceptible for j15 and AF infections are also susceptible for halo
formation and vice versa, while no strains only susceptible for
halo formation or infection were encountered. In addition,
infection-resistant isolates of PpG1 for both phages were always
also resistant to halo-formation. This pinpoints that the EPS-
molecule as the sole primary receptor is easily modiﬁed/lost upon
development of resistance.
Overall, these observations reﬂect the ﬂexibility towards
integration of tail spike/ﬁber catalytic domains in the virion
structure which may beneﬁt future applications in engineering
phages. At the same time, the high enzymatic speciﬁcity
(reﬂected in the high diversity of the EPS) and the high genomic
context (inﬂuencing phage ampliﬁcation characteristics) can be
considered as major parameters towards efﬁcient phage therapy.Acknowledgments
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